Trichodiene is the first and only volatile intermediate in the biosynthesis of Fusarium mycotoxins and its detection in the gas-phase might therefore be of potential interest as a marker for food safety analysis. We herein present an improved diastereoselective synthesis of trichodiene which can be used as an analytical standard for a headspace gas chromatography / mass spectrometry method to be developed.
Fungal infection of cereals such as wheat, barley and corn is an increasingly grave nutritional problem in many countries worldwide. Producing a wide range of biologically active secondary metabolites (trichothecenes, fumonisins and zearalenone) the genus Fusarium [1] belongs to the most harmful and devastating plant pathogens with Fusarium head blight (FHB) being one of the most economically relevant diseases of wheat [2] . Besides causing strong economic losses, these so-called Fusarium mycotoxins [3] also pose a potential risk to human and animal health and are, therefore, of particular importance to agriculture and food safety [4] . As a volatile biogenetic precursor of the common trichothecene mycotoxin family (e.g. nivalenol, deoxynivalenol, T2-toxin) [5] the sesquiterpene trichodiene (1, Figure 1 ) has thus become of growing interest for the development of readily applicable methods allowing an early vapor-phase detection of Fusarium infestation. Trichodiene (1) was first isolated from the fermentation broth of the mycelium of Trichothecium roseum [6] and has received considerable synthetic attention due to its unfunctionalized hydrocarbon skeleton possessing two contiguous quaternary carbons. Besides two enantioselective approaches [7] several racemic total syntheses [8] of 1 have been reported which mostly rely on a [3.3]sigmatropic rearrangement to install the two vicinal stereogenic centers.
After a thorough survey of the literature and rather unsatisfying attempts to reproduce several of the older literature procedures we finally decided to synthesize (±)-1 based on a more recently published and intriguingly simple Robinson annulation approach [8m] yielding the cyclohexenone 2 as an approved key intermediate ( Figure 2 ). Therein, the required annulation precursor 3 is generated by a Claisen rearrangement of the allyl vinyl ether derived from the known cyclopentenyl methanol 4, which has already served as a versatile starting material in several other trichodiene syntheses. While alcohol 4 is available by reduction of the corresponding carboxylic acid, which in turn has to be tediously prepared in 2 steps from cyclohexane (30% overall) [9] , our improved synthesis started from the inexpensive β-ketoester 5 instead. Triflation of the latter, followed by palladium-catalyzed cross-methylation [10] and LAH-reduction, gave 4 in an excellent overall yield of 74% after a single chromatographic purification ( Figure 3 ).
An alternative Johnson-Claisen rearrangement using triethyl ortho propionate in the presence of catalytic amounts of pivalic acid and a further LAH-reduction of the crude ethyl ester then afforded the advanced alcohol 6, which can be easily separated from excess orthopropionate by column chromatography. This transformation is not only highly diastereoselective (dr > 9:1), but also much more straightforward compared with the originally reported sequence of vinyl ether formation, Claisen rearrangement and α-methylation (4→3, Figure 2 The dramatically lower isolated yield of initially less than 10% can most likely be explained by the sterically demanding neopentyl nature of the reacting enolate and was found to be independent of the purity of aldehyde 3 [12] .
Whereas several other annulation attempts applying various wellestablished protocols [13] failed completely, we were finally able to improve the yield to an acceptable 28% (2 steps) by slow addition (syringe pump) of MVK to a pre-stirred mixture of aldehyde and NaH in THF at 50°C, thus reducing any undesirable side-reactions of the product with MVK as well as polymerization of the latter. Unfortunately, all other attempts to further advance the Robinson annulation process by employing the less base-sensitive 3-trimethylsilylbutenone as Michael acceptor [14] did, however, not succeed. Nonetheless, despite this unexpected drawback, we were still able to increase the overall yield of the key intermediate cyclohexenone 2 from 5% to 14% using the same number of steps, already representing an improved formal synthesis of (±)-1.
Enone 2 was eventually converted to the natural product via Wittig methylenation and subsequent Birch reduction of the triene 7 using sodium in liquid ammonia, according to a literature procedure [8h].
As the latter usually results in a mixture of (±)-1 along with the products resulting from 1,2-reduction, we were pleased to find that an analogous reaction employing ytterbium as the reducing agent [15] regioselectively affords (±)-1, which is in our case was obtained together with its diastereoisomer (±)-bazzanene (8) after simple silica gel chromatography (dr ~ 85:15) [16] .
In conclusion, we have described an improved total synthesis of trichodiene based on a tandem orthoester Claisen rearrangementoxidation -Robinson annulation strategy providing the racemic natural product in 9 steps and 8% overall yield.
Experimental
General: All reactions were carried out under an inert gas atmosphere at room temperature (unless stated otherwise) using commercial grade reagents and solvents (THF was dried over sodium and CH 2 Cl 2 , Et 2 O and toluene were dried over MS). TLC was performed on silica gel F 254 plates and flash chromatography (FC) was carried out either on silica gel 60 or an Interchim PuriFlash 430 using pre-packed cartridges (15-50 µm / 4-120 g). NMR spectra were recorded on either a Varian Mercury 400 or Varian 400-MR with the chemical shifts given in ppm referenced to the residual non-deuterated solvent signal. Low-resolution LC-MS spectra were obtained on an Agilent 1200 HPLC/MS using an Acelerys Express column (2.7 μ) and a MM-ES/APCI/DAD (254 nm) detector eluting with 95:5→0:100 H 2 O/MeOH + 1% HCO 2 H.
(2-Methylcyclopent-1-enyl)-methanol (4):
To a solution of 2-oxocyclopentanecarboxylic acid methyl ester (21.3 g, 150 mmol) in dry CH 2 Cl 2 (500 mL) at -78°C was added N,N-diisopropylethylamine (147 g, 1.14 mol) and the mixture was stirred for 10 min. at the same temperature. Trifluoromethanesulfonic anhydride (28 mL, 270 mmol) was then added dropwise over 30 min. and the mixture was stirred for 18 h while slowly warming to room temperature. The mixture was re-cooled to -78°C and treated with H 2 O (450 mL). The organic phase was washed with 5% aqueous citric acid (5 × 50 mL), dried (Na 2 SO 4 ) and concentrated. The residue was treated with EtOAc/cyclohexane (1:9) and filtered over celite. The crude product (43 g) obtained upon removal of the solvents was dissolved in dry THF (200 mL) and treated with bis(triphenylphosphine)palladium (II) dichloride (4.74 g, 6.75 mmol) and then at 0°C dropwise with trimethylaluminum (2 M in n-hexane, 100 mL). The mixture was stirred for 30 min. at 40°C before 1 M HCl (420 mL) was carefully added at 0°C. The organic phase was separated and the aqueous phase was extracted with Et 2 O (3 × 100 mL). The combined organic phases were washed with brine, dried (Na 2 SO 4 ) and the solvents removed. The crude product (22.6 g) was dissolved in dry Et 2 O (250 mL) and added at 0°C slowly to a suspension of LiAlH 4 (5.7 g, 150 mmol) in dry Et 2 O (250 mL). After stirring for 2 h at 0°C the mixture was carefully treated with 0.5 M HCl (500 mL) and the organic phase separated. 
2-(1-Methyl-2-methylenecyclopentyl)-propan-1-ol (6):

4-Methyl-4-(1-methyl-2-methylenecyclopentyl)-cyclohex-2-enone (2):
To a solution of oxalyl chloride (5.82 g, 45.6 mmol) in dry CH 2 Cl 2 (115 mL) at -78°C was added dry DMSO (5.94 g, 76.6 mmol) within 10 min. and the mixture was stirred for another 10 min. before a solution of 6 (2.36 g, 15.3 mmol) in dry CH 2 Cl 2 (20 mL) was added within 30 min. After dropwise addition of Et 3 N (10.7 g, 106 mmol) the mixture was slowly warmed to room temperature during 18 h, diluted with Et 2 O (400 mL), washed with H 2 O (5 × 50 mL) and dried (Na 2 SO 4 ). The crude product (3.18 g) obtained upon removal of the solvents was dissolved in dry THF (20 mL) and added dropwise to a suspension of NaH (60%, 1.22 g, 
3-Methyl-6-methylene-3-(1-methyl-2-methylenecyclopentyl)-cyclohexene (7):
To a suspension of triphenylphosphonium bromide (2.39 g, 6.68 mmol) in dry Et 2 O (4 mL) was added a solution of t-BuOK (712 mg, 6.35 mmol) in t-BuOH (9 mL) and the mixture was stirred for 1 h at 55°C. A solution of 2 (340 mg, 1.66 mmol) in dry Et 2 O (2 mL) was added and the mixture was stirred for 1 h at the same temperature before it was diluted with n-pentane (100 mL) and filtered over silica. The filtrate was washed with H 2 O (3 × 25 mL), dried (Na 2 SO 4 ), concentrated, and again filtered over a pad of silica eluting with n-pentane to afford 310 mg (92%) of essentially pure 7 as a colorless liquid.
(±)-Trichodiene (1) and (±)-bazzanene (8):
A suspension of Yb [17] in liquid ammonia was stirred for 45 min. at -78°C and the blue mixture was treated with a solution of 7 (50 mg, 0.25 mmol) in dry THF (1 mL). After stirring for 45 min. at the same temperature solid NH 4 Cl (500 mg) was added, the mixture gradually warmed to room temperature and the residue thus obtained was extracted with n-pentane (3 × 10 mL). The combined extracts were filtered, concen-trated and purified by FC (n-pentane) to afford 30 mg (60%) of a 85:15 mixture of (±)-1 and (±)-8 as a colorless liquid. 
